To determine whether left ventricular (LV) end systole and end ejection uncouple in patients with long-term mitral regurgitation, 59 patients (22 control patients with atypical chest pain, 21 patients with aortic regurgitation, and 16 patients with mitral regurgitation) were studied with micromanometer LV catheters and radionuclide angiograms. End systole was defined as the time of occurrence (Tmax) of the maximum time-varying elastance (Emax), and end ejection was defined as the time of occurrence of minimum ventricular volume (minV) and zero systolic flow as approximated by the aortic dicrotic notch (Aodi). The temporal relation between end systole and end ejection in the control patients was Tmax (331±42 [SD] msec), minV (336±36 msec), and then, zero systolic flow (355+±23 msec). This temporal relation was maintained in the patients with aortic regurgitation. In contrast, in the patients with mitral regurgitation, the temporal relation was Tmax (266±49 msec), zero systolic flow (310±37 msec, p<0.01 vs. Tmax), and then, minV (355+±37 msec,p<0.001 vs. Tmax andp<0.01 vs. Aodi). Additionally, the average Tmax occurred earlier in the patients with mitral regurgitation than in the control patients and patients with aortic regurgitation (p<0.01, for both), whereas the average time to minimum ventricular volume was similar in all three patient groups. Moreover, the average time to zero systolic flow also occurred earlier in the patients with mitral regurgitation than in the control patients (p<0.01) and patients with aortic regurgitation (p<0.05). Because of the dissociation of end systole from minimum ventricular volume in the patients with mitral regurgitation, the end-ejection pressure-volume relations calculated at minimum ventricular volume did not correlate (r= -0.09), whereas those calculated at zero systolic flow did correlate (r= 0.88) with the Emax slope values. We conclude that end ejection, defined as minimum ventricular volume, dissociates from end systole in patients with mitral regurgitation because of the shortened time to LV end systole in association with preservation of the time to LV end ejection due to the low impedance to ejection presented by the left atrium. Therefore, pressure-volume relations calculated at minimum ventricular volume might not be useful for assessing LV chamber performance in some patients with mitral regurgitation. (Circulation 1990;81:1277-1286 
, and the first derivative of LV pressure (dP/dt) were simultaneously recorded using an Electronics for Medicine VR-12 (PPG Biomedical Systems, Pleasantville, New York) or a Micor (Siemens, Solna, Sweden) physiological recorder at 100 mm/sec paper speed. These hemodynamic measurements were recorded for 10-20 cardiac cycles at the beginning, middle, and end of each radionuclide acquisition as previously described from this laboratory. [19] [20] [21] The LV pressure waveforms were averaged, and then, the average LV pressure waveforms were handdigitized with a Calcomp 9100 inductance digitizing surface interfaced to an IBM-PC using a program developed in this laboratory. '5 This program provides instantaneous LV pressure and dP/dt at a variable sampling frequency (200 Hz in this investigation) beginning at the peak of the R wave of the simultaneously recorded electrocardiogram. The handdigitized LV pressure data were interpolated, if necessary, so that they would coincide with the midpoint of each radionuclide frame to guarantee isochronicity of the LV pressure and volume data.
Radionuclide Angiography
Gated equilibrium radionuclide angiograms were acquired after in vivo red blood cell labeling with 30 mCi technetium 99m. The gamma scintillation camera was positioned in the left anterior obliquity that best separated the right and left ventricles in the plane of the interventricular septum (usually 450). The radionuclide images were acquired into 30-msec frames throughout the cardiac cycle for 500 cardiac cycles. A 2-ml blood sample was drawn at the midpoint of each radionuclide acquisition, and it was later counted on the collimator for 2 minutes. The time delay between drawing and counting the blood samples was recorded and used for decay correction of the blood sample counts. Finally, the distance from the gamma scintillation camera in the left anterior oblique projection to the center of the left ventricle was determined at the completion of the protocol using a simple geometric technique previously validated in this laboratory. 22, 23 The radionuclide images acquired during each loading condition were processed using hand-drawn regions-of-interest to obtain frame-by-frame LV counts.21 After background subtraction and smoothing, the LV counts from each image were standardized to the frame duration, number of cardiac cycles processed, and decay-corrected blood sample counts. These standardized LV counts were then attenuationcorrected as previously described by this laboratory. 22, 23 Briefly, attenuation correction was performed using eud, 
Definitions and Calculations
The definition of end systole used in this investigation was the time at which a measure of LV contractility was maximal.4 The time-varying elastance concept, which is characterized by a maximum slope (Ema), an extrapolated volume-axis intercept (V0), and a time of occurrence of Emax (Tma), was used as an index of LV contractility. To calculate the maximum time-varying elastance, the corresponding micromanometer LV pressure and radionuclide LV volume data points were plotted for each loading condition to obtain pressure-volume loops. Isochronal pressure-volume data points from each loading condition were then subjected to linear regression analysis beginning at the peak of the R wave and continuing every 30 msec for 20 sequential frames.20'21 The slope of these linear relations increased progressively throughout systole until the maximum LV chamber elastance (Emax) was achieved. The time from the peak of the R wave to Ema, (Tmax) was used in this investigation as a representative measure of the time of end systole.4 '6-8,15 The definitions of end ejection used in this investigation were 1) the time from the peak of the R wave to the first frame on the radionuclide LV timevolume and 2) the time from the peak of the R wave to zero systolic flow as approximated by the aortic dicrotic notch. 34 The aortic dicrotic notch was clearly defined in the control patients and patients with mitral regurgitation, but in the patients with aortic regurgitation, a clear dicrotic notch could not be defined in six patients. Consequently, tangential lines were drawn on the central aortic pressure tracing to demarcate the early rapid decline from peak aortic pressure, which occurred before peak (-)-dP/dt, and a second slower decline in the aortic pressure tracing, which occurred after peak(-)-dP/dt. The intersection of these two lines was used to approximate the time of zero systolic flow in these six patients. In two patients with aortic regurgitation and one with mitral regurgitation, no aortic pressure tracing was available because of a malfunction of the pressure transducer.
Using these two definitions of end ejection, pressurevolume relations were calculated as previously described from this laboratory.15 '19'20 Briefly, the corresponding LV pressures and radionuclide minimum ventricular volumes from the three loading conditions were plotted and subjected to linear regression analysis to obtain a slope (minPV). Also, the aortic dicrotic notch pressures and corresponding LV volumes from the radionuclide time-activity curve were plotted for the three loading conditions and subjected to linear regression analysis to obtain a slope (AodiPV).
Statistical Analysis
The hemodynamic data acquired during baseline conditions in the control patients and patients with aortic and mitral regurgitation were compared using an analysis of variance (ANOVA). Additionally, the times to end systole and end ejection, defined as minimum ventricular volume and zero systolic flow, were compared between and within the three patient groups with ANOVA. When a significant F statistic was obtained, t tests with a Bonferroni correction were used to identify differences. Additionally, the minPV and AodiPV relations were compared with the Emax slope values by linear regression analysis to obtain correlation coefficients (r). A probability value of 0.05 or less was considered significant.
Results

Hemodynamic Data
The hemodynamic data acquired during baseline conditions in the control patients and patients with aortic and mitral regurgitation are shown in Table 1 . The mean heart rates, LV peak systolic and enddiastolic pressures, and (+)-dP/dtmax values did not differ significantly between these patient groups. In contrast, the patients with aortic regurgitation had mean LV end-diastolic and end-systolic volumes of 347+316 and 187+235 ml (179±154 and 95±114 ml/m2), and the patients with mitral regurgitation had mean LV end-diastolic and end-systolic volumes of 257±67 and 112+48 ml (135±36 and 59±25 ml/m2), activity curve to demonstrate minimum ventricular which were all larger than the values of 97-+-32 and Representative examples of the time of occurrence of these systolic events in a control patient and patients with long-term aortic or mitral regurgitation are shown in Figure 1 . As shown in Figure 2 Figure 2 (right panel), the average Tm,, occurred earlier in the patients with mitral regurgitation as compared with the control patients and patients with aortic regurgitation (p<0.01, for both comparisons). In contrast, the timing of end ejection as defined by the time to minV did not differ significantly between the three patient groups. Similar to Tma, the time to zero systolic flow (Aodi) occurred earlier in the patients with mitral regurgitation as compared with the control patients (p<0.01) and the patients with aortic regurgitation (p<0.05).
Relation Between End-Systolic and End-Ejection Pressure-Volume Relations
To establish whether uncoupling had a detrimental effect on the relation between pressure-volume relations calculated at end systole and end ejection, the slopes of the pressure-volume relations generated at minV and Aodi were compared with the Em,,,a, slope values. When all three patient groups were combined, the end-ejection pressure-volume relations at minV correlated with the Em., slope values (r=0.84) (Figure 3) , and the end-ejection pressure-volume relations at Aodi also correlated with the Em., slope values (r=0.86) (Figure 4) .
Despite the significant group correlation for the end-ejection pressure-volume relations obtained at minimum ventricular volume and zero systolic flow with (Figure 3) . 16.
n i a I + minimum ventricular volume did not differ between the control patients and the patients with aortic and mitral regurgitation. In contrast, end systole occurred significantly earlier in the patients with mitral regurgitation as compared with end systole in the control patients and patients with aortic regurgitation. Similarly, zero systolic flow occurred earlier. This suggests that the time to zero systolic flow tracked end systole more closely than did the time to minimum ventricular volume in our patients with mitral regurgitation. As a result, the pressure-volume relations calculated at zero systolic flow correlated with the Em.X slope values in all patient groups, whereas the pressure-volume relations calculated at minimum ventricular volume correlated with the Emax slope values only in the control patients and patients with aortic regurgitation and not in the patients with mitral regurgitation because of the calculation of some nonphysiological slope values, which might be related, in part, to the extent of uncoupling. Sagawa4 has remarked that the temporal relation between end systole and various definitions of end ejection is coincidental. As generally believed and as demonstrated in the present study, end systole occurred at or before minimum ventricular volume with zero systolic flow as approximated by the aortic dicrotic notch soon after minimum ventricular volume. They all occurred within an average of 20±38 msec of each other in our control patients. A similar temporal relation was noted in the patients with aortic regurgitation, except zero systolic flow was somewhat more delayed, probably because of the difficulty with defining the exact timing of the aortic dicrotic notch in a few (ni-6) of our patients with aortic regurgitation. Nbvertheless, even in the patients with aortic regurgitation, end systole and the two definitions of end ejection were tightly coupled to within 34+55 msec of each other. Consequently, the relations between end-ejection pressure-volume relations and the Emax slope values in the control patients and patients with aortic regurgitation were maintained, which is consistent with previous reports.5 '15 It has been suggested that end systole and end ejection might become uncoupled in patients with long-term mitral regurgitation.245 The data in the present investigation demonstrate a clear temporal dissociation between these systolic events in patients with long-term mitral regurgitation. In contrast to control patients and patients with aortic regurgitation, zero systolic flow followed end systole, whereas the time to minimum ventricular volume was The time of occurrence of the maximum timevarying elastance has been shown to be relatively independent of loading conditions, whereas the time to end ejection, particularly minimum ventricular volume, can be significantly affected by loading conditions.483537 Maughan et a138 have reported that right ventricular ejection into the low-impedance pulmonary circulation can be prolonged beyond end systole as defined by the maximum right ventricular chamber elastance. Brown and Ditchey39 have made similar observations in the human right ventricle. Furthermore, Remington and Huggins40 have suggested that the end of LV ejection might not be a clear indication of the end of active muscle contraction, and Nishioka et a136 and Suga and Nishiura37 have demonstrated that end ejection can variably dissociate from end systole depending on the loading conditions presented to the LV, that is, the time to end ejection will progressively exceed the time to end systole as arterial resistance is reduced. Therefore, a dissociation of end ejection from end systole can theoretically occur under the appropriate set of loading conditions.
The mechanism proposed for the dissociation of LV end systole from end ejection in mitral regurgitation has been the continued ejection of blood into the low-impedance left atrium beyond the end of active contraction. Braunwald,41 in a canine model of acute mitral regurgitation, demonstrated a continuation of regurgitant flow into the left atrium into LV protodiastole. Similar observations have been made in studies of LV systolic ejection patterns in humans. [42] [43] [44] Others have suggested that ejection of blood into the left atrium in mitral regurgitation is not prolonged because the regurgitant blood flow is nearly complete by the time of zero systolic flow as approximated by the aortic dicrotic notch.3"1145,46 An examination of the timing of systolic events in our patients with mitral regurgitation demonstrates that minimum ventricular volume does indeed occur well after both end systole and zero systolic flow, suggesting that regurgitant flow does continue into protodiastole as shown by Braunwald.41 If one examines the timing of these systolic events between patient groups, however, the time to minimum ventricular volume is similar in all patient groups, whereas end systole is achieved more rapidly in patients with mitral regurgitation than in control patients or in patients with aortic regurgitation.
The mechanism for the more rapid achievement of end systole in patients with mitral regurgitation is unclear. Sagawa47 has suggested that the time to maximum LV chamber elastance is determined almost entirely by the LV contractile state, whereas the loading conditions presented to the LV have only a minor influence on Tmax. It is possible, therefore, that the difference in the timing of these systolic events might be related to depressed LV contractility, as reflected in the lower mean Emax slope value observed in our patients with mitral regurgitation.
Not all patients with mitral regurgitation included in this investigation, however, had reduced LV chamber elastance. In the patients with long-term mitral regurgitation and preserved LV chamber elastance, dissociation of end systole from minimum ventricular volume was also noted. Moreover, in the patients with aortic regurgitation and reduced Emax slope values, dissociation of end systole from minimum ventricular volume did not occur. Alternatively, the favorable loading conditions presented to the LV by the long-term low impedance to ejection presented by the left atrium might have allowed end systole to occur more rapidly while preserving the time to minimum ventricular volume during all loading conditions, similar to the observations made for the right ventricle.38,39 Thus, the reduced LV chamber elastance, the favorable loading conditions presented to the LV throughout ejection at all levels of afterload, or both might have accelerated the time to end systole while preserving the time to end ejection in our patients with long-term mitral regurgitation.
The radionuclide sampling frequency, the definition of end systole, and the methods of altering LV loading conditions, should be considered as potential limitations of this investigation. The use of a 30 -msec sampling frequency might have minimized our ability to discriminate between the timing of these systolic events because they are usually tightly coupled. Importantly, the time to end systole and minimum ventricular volume were essentially comparable in our control patients and patients with aortic regurgitation. Nevertheless, in some patients with aortic regurgitation, Em., occurred slightly after minimum ventricular volume. This might be because of the fact that we chose the first frame on which minimum ventricular volume occurred despite having two and, occasionally, three frames at minimum ventricular volume on the radionuclide time-activity curves in some of these patients. This was done to provide consistency to the definition of the time of occurrence of this systolic event. Moreover, despite this sampling frequency, the time to end systole and minimum ventricular volume clearly differed by an average of 86 ± 60 msec in our patients with long-term mitral regurgitation, suggesting that the significant differences, or lack thereof, observed in the timing of systolic events in this investigation were differ from the end-systolic pressure-volume relations (Bes), they are independent of preload, afterload is incorporated into the calculation, and they are relatively time independent. In contrast, the time to the maximal pressure-volume ratio on each pressurevolume loop and, consequently, the Ee. slope values are affected by loading conditions.15-48 49 To avoid this confounding influence, we chose to use the maximum LV chamber elastance to define end systole in this investigation.
Finally, the methods of altering the loading conditions presented to the left ventricle and their effect on LV contractility when reflexes are left intact should be considered. As in previous investigations from this laboratory,15'19-21 right atrial pacing was performed to eliminate the influence of alterations in heart rate on LV contractility. 6 We altered loading conditions to calculate Ema and, consequently, Tmax with methoxamine and nitroprusside infusions. We have previously reported that these alterations in LV loading conditions do not alter isovolumic indices of LV contractility.1521 These data are consistent with previous observations50 that demonstrated a greater change in loading conditions than that performed in this study is necessary to produce a reflex sympathetic effect on LV contractility. Therefore, there was probably little effect of intact autonomic reflexes on the generation of the maximum LV chamber elastance or the time to this systolic event in our patients.
We conclude that the timing and temporal relation between end systole and end ejection defined as minimum ventricular volume and zero systolic flow are similar in control patients and patients with long-term aortic regurgitation. In contrast, uncoupling of the time to minimum ventricular volume from end systole does occur in patients with longterm mitral regurgitation, and it seems that this might be because of a more rapid achievement of end systole, whereas end ejection is preserved because of the low impedance to ejection provided by the left atrium in these patients. Consequently, pressurevolume relations generated at minimum ventricular volume should be used cautiously in patients with mitral regurgitation because of the calculation of some nonphysiological values, which might be related, in part, to the extent of uncoupling.
